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Introduction {#sec001}
============

Chagas disease, caused by the protozoal parasite *Trypanosoma cruzi*, is the leading cause of infectious myocarditis globally and affects at least 10 million individuals worldwide \[[@ppat.1007410.ref001], [@ppat.1007410.ref002]\]. Over decades of infection, many infected individuals develop clinical disease including megacolon and dilated cardiomyopathy for which treatment options are limited \[[@ppat.1007410.ref003]\]. The pathophysiology of Chagas disease is best described as chronic inflammatory damage driven by persistent parasitism of affected tissues. A better understanding of the immune mechanisms regulating the host-parasite interaction and disease outcomes is needed if improved therapeutic and preventive strategies for this neglected tropical disease are to be developed.

Immune control of intracellular pathogens like *T*. *cruzi* is dependent on MHC class I presentation of cytoplasmic antigens (Ag) and the subsequent destruction of infected cells as a result of inflammatory cytokine production or cytolysis by CD8^+^ T cells \[[@ppat.1007410.ref004], [@ppat.1007410.ref005]\]. In many infections, effective immunity results in acute phase pathogen clearance, with recognition and elimination of infected host cells early in the infection cycle, thus preventing pathogen spread and contributing to rapid infection resolution. During infections where complete pathogen clearance does not occur, or is significantly delayed, persistent antigen can drive the emergence of 'exhausted' T cells with diminished capacity to produce key cytokines and reduced replicative potential, and in extreme cases, T cell deletion by apoptosis \[[@ppat.1007410.ref006]--[@ppat.1007410.ref008]\]. In some instances, this exhausted state is reversible by interrupting one or more of a number of regulatory mechanisms responsible for restraining CD8^+^ T cell activity, e.g. regulatory T cells (Tregs), inhibitory cytokines, or inhibitory receptors such as programmed cell death-1 (PD-1) \[[@ppat.1007410.ref009]\]. While these regulatory programs minimize immunopathology, they may also compromise infection resolution \[[@ppat.1007410.ref010]--[@ppat.1007410.ref013]\].

CD8^+^ T cells are essential for host survival of acute *T*. *cruzi* infection \[[@ppat.1007410.ref014], [@ppat.1007410.ref015]\], but the significance of this population in control of chronic infection is not well defined. The high parasite load characteristic of acute *T*. *cruzi* infection, is ultimately reduced to nearly undetectable levels in most hosts, a feat that involves, and in fact depends upon the extensive expansion and effector function of anti-*T*. *cruzi* CD8^+^ T cells \[[@ppat.1007410.ref016]\]. Based upon the evidence for persistence of *T*. *cruzi* in infected hosts and the attribution of parasite persistence to impaired/exhausted T cells \[[@ppat.1007410.ref017], [@ppat.1007410.ref018]\] as well as the demonstration that persistent Ag stimulation is associated with reduced T cell function in other systems including several intracellular protozoans \[[@ppat.1007410.ref019]--[@ppat.1007410.ref021]\], investigation of the contribution of T cell exhaustion in *T*. *cruzi* persistence is warranted.

The lack of direct evidence regarding the *in vivo* contribution of CD8^+^ T cells to control of chronic *T*. *cruzi* infection and the emergence of reports questioning the validity of *ex vivo* assays to predict *in vivo* T cell function \[[@ppat.1007410.ref022]--[@ppat.1007410.ref024]\], prompted us to attempt to conclusively determine whether compromised CD8^+^ T cell function is the primary factor enabling the persistence of *T*. *cruzi*. For this, we examined the stability and *in vivo* functional capacity of *T*. *cruzi*-specific cells in spleen and skeletal muscle during chronic *T*. *cruzi* infection and evaluated the relative contribution of immunoregulation in the forms of PD-1 and IL-10 to T cell activity and parasite persistence. Our findings indicate that despite chronic antigen stimulation, CD8^+^ T cells continue to exert critical effector functions to limit parasite expansion throughout the course of *T*. *cruzi* infection.

Results {#sec002}
=======

Pathogen-specific tissue-resident T cells exhibit markers of recent antigen exposure {#sec003}
------------------------------------------------------------------------------------

Parasite levels in blood and in tissues during *T*. *cruzi* infection tend to peak between 15 and 30 days of infection and thereafter, become essentially undetectable in blood and increasingly restricted in distribution in tissues, where they are demonstrable only with highly sensitive amplification techniques \[[@ppat.1007410.ref025]\]. The CD8^+^ T cell response to *T*. *cruzi* during the acute and chronic stages is nearly monopolized by T cells recognizing strongly immunodominant epitopes from trans-sialidase family proteins \[[@ppat.1007410.ref026]\]. In B6 mice, TSKB20 (ANYKFTLV)--specific T cells expand to very high levels during acute *T*. *cruzi* infection before contracting and remaining at relatively lower levels as the infection is controlled ([Fig 1A](#ppat.1007410.g001){ref-type="fig"}). In the skeletal muscle, a site of *T*. *cruzi* persistence, TSKB20-specific T cells maintain a stable, high fraction of the total Ag-experienced CD8^+^ population throughout acute and chronic infection, although total numbers of such cells decline in concert with declining parasite load. Both splenic and skeletal muscle *T*. *cruzi*-specific CD8^+^ T cells exhibited substantial KLRG1 expression well into the chronic infection, indicative of prior Ag exposure ([Fig 1B](#ppat.1007410.g001){ref-type="fig"}). Furthermore, only in tissues of parasite persistence, including skeletal muscle ([Fig 1C](#ppat.1007410.g001){ref-type="fig"}), heart, and fat ([S1 Fig](#ppat.1007410.s001){ref-type="supplementary-material"}), was the marker of recent activation, CD69, expressed on a substantial proportion of *T*. *cruzi*--specific CD8^+^ T cells.

![Parasite-specific CD8^+^ T cells encounter antigen and express markers of activation during chronic infection.\
(A) The frequency (left) and number (right) of CD8^+^ T cells specific for the immunodominant epitope, TSKB20, in the pool of all CD44^+^ CD8^+^ T cells was measured longitudinally in spleen (open square) and skeletal muscle (open triangle). (B) Representative histograms of the KLRG1 expression in the total CD8^+^ (top) and TSKB20+ (bottom) populations. CD44^hi^ KLRG1+ cells detected in the total (white bar) and parasite-specific (black bar) CD8^+^ T populations in the spleen and muscle at 150 dpi. (C) Recently activated CD8^+^ T cells are enriched in skeletal muscle. Representative flow plots show surface expression of CD69 for cells isolated from indicated tissue during chronic (150 dpi) *T*. *cruzi* infection. Numbers describe the percentage of cells expressing CD69 in each gate from the total CD44+ population. Summary data of the percentages of CD69+ cells in total (white) and TSKB20+ (black) bars are displayed graphically to the right. (D) Quantification of chronic parasite burden in skeletal muscle via qPCR during chronic (\>250 dpi) Brazil and TCC strain *T*. *cruzi* infection. The line represents the limit of detection for qPCR. Persistence of the TCC strain has been previously confirmed via qPCR and hemoculture following immunosuppression \[[@ppat.1007410.ref086]\] (E) The frequency of CD8^+^ T cells that express CD69 in the muscle of mice chronically infected is highest in those infected with Brazil strain relative to the low level but persistent, TCC strain. (F) Reduction in parasite burden following short-term benznidazole treatment results in decreased CD69 expression and contraction of parasite-specific T cells in the muscle during chronic infection (\>250 dpi). (G) Antigen-dependent inflammation observed during chronic infection is reduced following sub-curative (19d) treatment with the trypanocidal compound benznidazole (BZ). Skeletal muscle was fixed in 10% formalin, embedded in paraffin, sectioned, and stained with H&E. All data are representative of at least three independent experiments with n = 3--5 with the exception of panels D-G which are representative of two independent experiments. Data are mean + SEM. \* indicates percentage levels that are significantly different (\* P ≤ 0.05, \*\* P ≤ 0.01,\*\*\*P ≤ .001) between specified groups.](ppat.1007410.g001){#ppat.1007410.g001}

CD69 can also serve as a marker for tissue residence of T cell populations \[[@ppat.1007410.ref027]\] so we further explored the dependence of its expression on antigen load. The activation status and accumulation of *T*. *cruzi-*specific T cells was related to parasite antigen abundance in the chronically infected tissues, as shown by the fact that CD69 expression was decreased in the case of infection with the low level persistent TCC strain ([Fig 1D and 1E](#ppat.1007410.g001){ref-type="fig"}) and in mice treated with a non-curative course of the trypanocidal compound benznidazole (BZ) ([Fig 1F](#ppat.1007410.g001){ref-type="fig"}). Recent studies have shown that a single dose of BZ reduces parasite load by \~90% and 6 daily doses, by 3 log~10~ \[[@ppat.1007410.ref028]\]. Here, as also previously reported \[[@ppat.1007410.ref029]\], reduction of parasite numbers via a 19 day course of BZ treatment resulted in overall fewer inflammatory infiltrates ([Fig 1G](#ppat.1007410.g001){ref-type="fig"}). Collectively, these data provide strong evidence that *T*. *cruzi*-specific T cells regularly encounter and are responsive to parasites at sites of pathogen persistence in chronically infected hosts.

*T*. *cruzi*-specific CD8^+^ T cells exhibit potent effector functions *in vivo* during chronic infection {#sec004}
---------------------------------------------------------------------------------------------------------

We next assessed the quality of the effector functions of *T*. *cruzi*-specific T cells responding to parasites in peripheral tissues of mice with chronic *T*. *cruzi* infection. IFNγ production, measured directly *ex vivo* without restimulation with both a YFP-reporter mouse strain ([Fig 2A](#ppat.1007410.g002){ref-type="fig"}) and intracellular cytokine staining ([Fig 2B](#ppat.1007410.g002){ref-type="fig"}), demonstrated that *T*. *cruzi*-specific CD8^+^ T cells were significantly more activated for production of this critical cytokine in peripheral sites of parasite persistence (skeletal muscle) as compared to the spleen. Additionally, a higher frequency of CD8^+^ T cells in the skeletal muscle showed granzyme B expression ([Fig 2C](#ppat.1007410.g002){ref-type="fig"}), a measure of CD8^+^ T cell capacity to eliminate infected target cells through the delivery of cytotoxic granules, relative to splenic counterparts. Consistent with the observation that *T*. *cruzi*-specific CD8^+^ T cells retain their cytolytic function in the chronic phase of infection, in vivo CTL assays showed that trans-sialidase peptide-sensitized splenocytes were depleted with high efficiency in infected animals ([Fig 2D](#ppat.1007410.g002){ref-type="fig"}).

![*T*. *cruzi*-specific CD8^+^ T cells continue to produce effector molecules during chronic infection.\
(A) IFNγ production by *T*. *cruzi*--specific T cells in the spleen and muscle at 90 dpi and in naïve mice was assessed using an eYFP IFNγ transcription reporter model. Representative flow plots (left) of the frequency of YFP positive cells in the CD44+ population in the muscle and spleen and histograms describe YFP expression by TSKB20+ CD8^+^ cells. Column graphs describe the frequency of YFP^hi^ cells in the TSKB20+ population. (B) Mice were injected with brefeldin A and approximately 6 hours later, tissues were harvested and stained to assess *in situ* cytokine production. Bar graphs describe IFNγ production by TSKB20+ CD8^+^ T cells during acute (\<40d) or chronic (200d) infection directly *ex vivo* without additional stimulation. (C) Granzyme B production was measured directly *ex vivo* in parasite-specific CD8^+^ T cells during chronic infection (200--250 dpi) and is displayed and summarized in column graphs (left) and representative histograms (right). (D) CD8^+^ T cells from the muscle and spleen continue to perform CTL activity *in vivo* at \>250 dpi. Mice were injected with CFSE labeled TSKB20-peptide pulsed and un-pulsed splenocytes and target cell lysis was assessed \~18 hours later. (E) Mice were injected simultaneously with brefeldin A and either TSKB20 or SIINFEKL (control) peptide epitopes prior to tissue collection 6--8 hours later. Cytokine production (IFNγ and TNFα) was evaluated without *ex vivo* stimulation at \~200 dpi. (F) *T*. *cruzi*-specific cells remain responsive to specific *in vivo* peptide stimulation even during late chronic infection (700--750 dpi). The frequency of IFNγ producing TSKB20+ CD8^+^ T cells increases significantly upon *in vivo* TSKB20 peptide administration in the muscle and spleen. Data are mean + SEM and are representative of 3--5 independent experiments with n = 3, with the exception of D and F, which are representative of two experiments. \* indicates values that are significantly different (\* P ≤ 0.05, \*\* P ≤ 0.01) between experimental and control peptide recipients.](ppat.1007410.g002){#ppat.1007410.g002}

To evaluate further the capacity of parasite-specific T cells in peripheral tissues to respond to parasite Ag *in vivo* during chronic *T*. *cruzi* infection, mice were injected with control (SIINFEKL) or *T*. *cruzi* (TSKB20) peptide epitopes and assessed for cytokine production by ICS. CD8^+^ T cells responded to specific peptide stimulation with significant increases in cytokine production (IFNγ and TNFα) in both the spleen and skeletal muscle ([Fig 2E](#ppat.1007410.g002){ref-type="fig"}). This effector function extended beyond the "early" (150--250 dpi) chronic phase, as CD8^+^ T cells in both the muscle and spleen retained the capacity to respond to parasite epitope injection with the production of IFNγ at \>700 days post infection ([Fig 2F](#ppat.1007410.g002){ref-type="fig"}). Thus, coincident with reduced antigen levels at these late chronic time points, basal *in situ* cytokine production was low compared to earlier in the infection, but a significant proportion of the *T*. *cruzi*-specific T cell population retained the capacity to produce this key inflammatory cytokine when re-encountering antigen.

CD8^+^ T cell function is required for maintenance of parasite control in chronic *T*. *cruzi* infection {#sec005}
--------------------------------------------------------------------------------------------------------

The data presented to this point indicate that *T*. *cruzi*--specific T cells at sites of parasite persistence are capable of sensing and responding to *T*. *cruzi*. To evaluate whether these CD8^+^ T cells provide a host-protective function in the chronic phase of infection, anti-CD8 antibody was administered to mice beginning at \>100 dpi. Treatment significantly reduced circulating CD8^+^ T cells ([Fig 3A](#ppat.1007410.g003){ref-type="fig"}) when compared to IgG-treated controls and resulted in significantly higher parasite load in skeletal muscle and fat in the CD8-depleted group ([Fig 3B](#ppat.1007410.g003){ref-type="fig"}). Monitoring of luciferase-expressing parasites in intact organs also demonstrated the substantial increase in parasite levels, particularly in the gastrointestinal tract, in mice depleted of CD8^+^ T cells ([Fig 3C](#ppat.1007410.g003){ref-type="fig"}). Notably, depletion of CD8^+^ T cells also resulted in increased severity of inflammation and disruption of tissue integrity in skeletal muscle ([Fig 3D](#ppat.1007410.g003){ref-type="fig"}). Thus, tissue-homing *T*. *cruzi*--specific CD8^+^ T cells retain important effector functions and are vital to infection control in chronic *T*. *cruzi* infection.

![CD8^+^ T cell function is required for optimal control of chronic *T*. *cruzi* infection.\
Chronically infected mice (\>100 dpi) were treated for 21d with αCD8 or IgG control antibody. (A) A representative flow plot of the percentage of CD8^+^ T cells remaining in the splenic lymphocyte population following CD8 depletion (left) and graphical representation of depletion efficacy in the groups (right). (B) Depletion of CD8^+^ T cells during chronic infection results in increased parasite burden in tissues of persistence: muscle (left) and fat (right). The dashed line represents the limit of detection for quantitative real-time PCR. (C) CD8 depletion results in parasite outgrowth in tissues of persistence, stomach (8), large intestine (10), and skeletal muscle (5) in mice chronically infected with luciferase-expressing Colombiana strain parasites. The tissues included in the *ex vivo* luciferase assay are as follows: brain (1), heart (2), spleen (3), kidney (4), skeletal muscle (5), liver (6), mesenteric fat (7), stomach (8), small intestine (9), and large intestine (10). (D) H&E staining of skeletal muscle reveals that CD8 depletion exacerbates tissue inflammation and results in deterioration of tissue integrity. All data are representative of two independent experiments with n = 5 with the exception of panel C. Data are mean + SEM. \* indicates values that are significantly different (\* P ≤ 0.05, \*\* P ≤ 0.01, \*\*\*P ≤ 0.001) between compared groups.](ppat.1007410.g003){#ppat.1007410.g003}

Maintenance of CD8^+^ T cell response to *T*. *cruzi* in peripheral tissue {#sec006}
--------------------------------------------------------------------------

We next explored the question of whether T cells in the peripheral tissue sites of parasite persistence are being continuously recruited from the systemic population. CD8^+^ T cells from the spleens of chronically *T*. *cruzi*-infected donor mice (CD45.1) were transferred to infection-matched congenic recipient (CD45.2) mice. Donor cells were promptly incorporated into the CD8^+^ T cell population at sites of parasite persistence as early as 2 days post-transfer and are detectable in the tissue for up to 50 days after transfer ([Fig 4A](#ppat.1007410.g004){ref-type="fig"}). These data show that even in the setting of low-level chronic inflammation, CD8^+^ T cell trafficking is a dynamic process, and CD8^+^ T cells responding to *T*. *cruzi* move readily from the circulation into tissues harboring parasite-infected cells. To determine if frequent recruitment of effector cells to infected tissue was a key mechanism for controlling *T*. *cruzi* during chronic infection, trafficking of T cells was disrupted by administering a blocking antibody to VLA-4, a molecule involved in leukocyte extravasation \[[@ppat.1007410.ref030]\]. Mice receiving anti-VLA-4 antibody exhibited an increased parasite load in skeletal muscle, indicating that infected tissues depend on continuous leukocyte trafficking to control parasite growth ([Fig 4B](#ppat.1007410.g004){ref-type="fig"}).

![Trafficking and maintenance of CD8^+^ T cell response to *T*. *cruzi* in peripheral tissue.\
(A) CD8^+^ T cells are recruited from a central pool to non-lymphoid tissues in chronic *T*. *cruzi* infection. CD8^+^ T cells were magnetically purified from infection-matched CD45.1+ donor mice (\>100 dpi) and transferred into CD45.2+ recipient mice. Cells were isolated from spleen (square) and skeletal muscle (triangle) at various time points after transfer. Mean ± SEM of two samples analyzed at each time point is shown and represents data obtained in three independent experiments. (B) Interruption of leukocyte trafficking is detrimental to parasite control. Mice (\>100 dpi) were treated with a blocking anti-VLA-4 Ab for 30 days, and parasite load was determined in skeletal muscle. \* indicates p\<0.05 compared to control by Mann-Whitney test. A similar trend (p\<0.05) was observed in 2 of 3 additional experiments. (C) Recently replicated CD8^+^ T cells are enriched in tissues of parasite persistence. Mice chronically infected with *T*. *cruzi* were given BrdU in their drinking water for 21 days. Lymphocytes were then isolated from lymphoid and non-lymphoid tissue. Histograms describe BrdU incorporation by splenic (blue) and muscle-derived (teal) CD8^+^ T cells in the total (left) and TSKB20+ (right) population. These data are summarized in accompanying column graph (right). (D) Dividing CD8^+^ T cells develop into activated effectors at sites of parasite persistence. Expression of CD69 was examined among proliferating (BrdU+) CD8^+^ T cells in muscle and spleen in naïve animals and mice with chronic *T*. *cruzi* infection on day 21 of BrdU administration. Data in panels C and D are mean + SEM and are representative of two independent experiments with n = 4--5. \* indicates values that are significantly different (\* P ≤ 0.05, \*\* P ≤ 0.01, \*\*\*P ≤ 0.001) between compared groups.](ppat.1007410.g004){#ppat.1007410.g004}

In addition to continued recruitment of Ag-experienced CD8^+^ T cells into responses to persistent pathogens, recruitment of recently activated T cells during an ongoing immune response may be necessary to sustain effector cell levels. To determine whether new parasite-specific effectors are generated during chronic *T*. *cruzi* infection, the level of recently replicated (BrdU+) cells was assessed following *ad libitum* BrdU administration for 21 days. A substantial fraction of CD8^+^ and TSKB20^+^ cells in muscle and spleen were BrdU+, with an increased accumulation in skeletal muscle ([Fig 4C](#ppat.1007410.g004){ref-type="fig"}). Many of these recently replicated cells become exposed to *T*. *cruzi* antigen and possessed an effector activation phenotype, with substantial numbers expressing CD69 in the muscle of infected animals ([Fig 4D](#ppat.1007410.g004){ref-type="fig"}). These data support a model of a very active immune response requiring T cell migration into parasite-infected tissues, and one in which T cell replication continues to occur despite chronic antigen stimulation.

Multiple immune checkpoints have a negligible impact on *T*. *cruzi* persistence {#sec007}
--------------------------------------------------------------------------------

The retention of effector function and participation in infection control of CD8^+^ T cells in mice with chronic *T*. *cruzi* infection is in contrast to the often-reported loss of the quality of effector responses in multiple other chronic infectious diseases \[[@ppat.1007410.ref031]--[@ppat.1007410.ref033]\]. In a number of these other models, checkpoint molecules such as PD-1 have been implicated to have a negative impact on pathogen clearance \[[@ppat.1007410.ref021], [@ppat.1007410.ref034], [@ppat.1007410.ref035]\]. Further, blockade of PD-L1 (and to a much lesser extent PD-L2), and PD-1 knockout (KO) has been shown to increase inflammatory responses and mortality in acute *T*. *cruzi* infection \[[@ppat.1007410.ref018]\]. To explore the potential role of PD-1 in constraining T cell responses and supporting parasite persistence during chronic *T*. *cruzi* infection, we carefully examined PD-1 expression on *T*. *cruzi*-specific CD8^+^ T cells during chronic infection. Numbers of PD-1 expressers was always significantly higher in the muscle relative to the spleen, consistent with PD-1 being a marker of antigen activation ([Fig 5A](#ppat.1007410.g005){ref-type="fig"}) as reported in other systems \[[@ppat.1007410.ref036], [@ppat.1007410.ref037]\]. Assessing direct *ex vivo* IFNγ responses confirmed that PD-1 expressing cells were not compromised for infection- or epitope-induced cytokine production ([Fig 5B and 5C](#ppat.1007410.g005){ref-type="fig"}). Indeed, the frequency of PD-1 expressers spontaneously producing IFNγ was already quite high (\~70%), which left little room for increased production upon exposure to additional specific epitope stimulation. LAG3 or TIM3, additional markers of T cell exhaustion, were also expressed at very low frequency in total or *T*. *cruzi*--specific CD8^+^ T cells in late chronic infection (\>500 dpi; [S2A and S2B Fig](#ppat.1007410.s002){ref-type="supplementary-material"}).

![CD8^+^ T cells are not regulated by a PD-1-dependent mechanism in chronic *T*. *cruzi* infection.\
(A) The proportion of PD-1+ parasite-specific CD8^+^ spleen and muscle derived cells decreases between acute (\<40d) and chronic infection (\>100d). Representative flow plots of PD-1 expression in CD44^+^ CD8+ T cells in the tissues of infected and naïve mice are provided (left) and changes in PD-1 expression across time in the parasite-specific population are summarized graphically. (B) Comparable portions of PD-1 positive and negative cells produce IFNγ at 90 days post-infection, as indicated by YFP expression, in muscle (left) and spleen (right). The frequency of YFP^hi^ cells in the total CD8^+^ population in the muscle and spleen are shown. (C) PD-1 expression does not undermine the capacity of CD8^+^ T cells to respond to antigen stimulation *in vivo* in skeletal muscle (left) or spleen (right) during chronic infection. (D) Mice lacking PD-L1 do not exhibit enhanced clearance of *T*. *cruzi* infection. Parasite load in skeletal muscle of PD-L1 KO and WT mice during chronic (167 dpi) *T*. *cruzi* infection was assessed by qPCR. The dashed line represents the limit of detection. (E) PD-L1 KO mice experience levels of inflammation similar to WT mice during chronic *T*. *cruzi* infection. H&E sections of skeletal muscle from infected WT and PD-L1 KO mice. Graphs represent mean + SEM. \* indicates values that are significantly different (\* P ≤ 0.05, \*\* P ≤ 0.01) between compared groups. All data are representative of at least two independent experiments with minimum n = 3.](ppat.1007410.g005){#ppat.1007410.g005}

To address directly the impact of PD-L1 on control of parasite burden, parasite load and tissue inflammation were evaluated in PD-L1 KO mice. Preventing PD-1:PD-L1 engagement failed to improve parasite control ([Fig 5D](#ppat.1007410.g005){ref-type="fig"}) or alter tissue pathology ([Fig 5E](#ppat.1007410.g005){ref-type="fig"}) during chronic infection, although the already low parasite burden in these tissues in chronically infected animals made detection of improved parasite control nearly impossible. Extended *in vivo* blockade of PD-L1 by antibody treatment also failed to enhance the capacity of CD8^+^ T cells in the muscle or spleen to produce inflammatory cytokines in response to polyclonal *ex vivo* stimulation ([S3A Fig](#ppat.1007410.s003){ref-type="supplementary-material"}). Experiments to counter the potential activity of interleukin-10 (IL-10), another major regulator of T cell responses in chronic infections \[[@ppat.1007410.ref012], [@ppat.1007410.ref038], [@ppat.1007410.ref039]\], yielded no evidence of a change in parasite load during either the acute (in IL-10KO mice; [S4A and S4B Fig](#ppat.1007410.s004){ref-type="supplementary-material"}) or in chronically infected mice (using anti-IL-10 receptor (IL-10R) antibody; [S4C Fig](#ppat.1007410.s004){ref-type="supplementary-material"}) although again the characteristically low parasite load in chronically infected mice made the impact of blocking of IL-10 function at this time point, inconclusive. Taken together, these data provide no evidence for the generation of T cell exhaustion or other regulatory mechanisms in limiting the function of CD8^+^ T cell responses in chronic *T*. *cruzi* infection in mice.

Discussion {#sec008}
==========

Persistent infections present special challenges for the immune system and the cause of pathogen persistence is often not clear; is it the result of failed or regulated anti-pathogen immune responses or is it an inherent property of a host-pathogen interaction, maintained, for example, by pathogen immune evasion mechanisms? In the latter case, persistence may or may not ultimately result in antigen-driven regulation of T cell responses.

The primary goal of this study was to determine the functional status of CD8^+^ T cells during chronic *T*. *cruzi* infection and to assess the contribution of these cells to long-term control of persistent parasites. *T*. *cruzi* infection is thought to persist for the life of hosts, though there are a few anecdotal reports of apparent spontaneous cure in humans \[[@ppat.1007410.ref040]--[@ppat.1007410.ref042]\] and in mice (a natural host for this parasite) \[[@ppat.1007410.ref043]\]. The lack of parasite clearance in *T*. *cruzi* infection has been attributed to sub-par or highly regulated immune responses \[[@ppat.1007410.ref017], [@ppat.1007410.ref018], [@ppat.1007410.ref044], [@ppat.1007410.ref045]\] although a direct role for such regulation in preventing parasite clearance is lacking. We were particularly interested in evaluating anti-parasite CD8^+^ T cell responses at the host-pathogen interface (in parasite-infected tissues), as this cell population in these sites is most likely to be exposed continuously to parasite antigen and tissue inflammation and thus most likely vulnerable to becoming exhausted. We hypothesized that *T*. *cruzi*-specific CD8^+^ T cells retain critical effector function, and that suppression of *T*. *cruzi* to very low levels is actually a "successful" immunologic outcome that simultaneously limits sequelae of an uncontrolled infection and immunopathology in vital host tissues. This hypothesis is contrary to the paradigm that impaired pathogen clearance is primarily associated with alterations in and regulation of host immunity \[[@ppat.1007410.ref019], [@ppat.1007410.ref046]--[@ppat.1007410.ref048]\].

Here, we have demonstrated that the effector CD8^+^ T cell response is very robust, highly functional and is essential for parasite control during chronic *T*. *cruzi* infection, despite persistent antigen activation. Persistent antigen activation is demonstrated by the expression of surface markers indicative of recent antigen exposure on, as well as by the direct *ex vivo* detection of cytokine production by T cells from tissues known to harbor persistent parasites. Functionality is demonstrated by these same immunological traits, by the ability of a subset of the T cells to respond *in vivo* to a *T*. *cruzi* peptide epitope, and by the essentiality of these cells in containing parasite load in these same tissues.

The observation of a highly functional, non-exhausted T cell response in a persistent infection is significant, as retention of a robust CD8^+^ T cell function is rarely reported in chronic infection systems, especially after hundreds of days of infection. These data indicate that exhausted T cell responses and compromised immunity are not the only possible outcomes of persistent infection. The absence of exhaustion and exhausted T cell responses in chronic *T*. *cruzi* infection is supported by three distinct lines of evidence in this study: 1) the clear maintenance of on-going activation related to the persistent infection and the ability of parasite-specific T cells to be activated further, both in vivo and in vitro, characteristics often lost in systems with highly regulated T cells \[[@ppat.1007410.ref049]--[@ppat.1007410.ref051]\], 2) the demonstration of a requirement for both the presence of a fully potent CD8^+^ T cell compartment and for the homing of those T cells to sites of parasite persistence, and 3) the low to null expression of multiple markers associated with T cell exhaustion on *T*. *cruzi*--specific CD8^+^ T cells a year or more into the infection. We further show that preventing PD-1 or IL-10 regulatory pathways has no impact on parasite control, although, admittedly infection control is so effective (and thus parasite load so low) that detecting such an impact if it existed would be difficult. Nevertheless, when combined with previous studies from our group demonstrating that deleting or blocking of Treg action or TGF-β production also has no impact on parasite control in this infection \[[@ppat.1007410.ref052], [@ppat.1007410.ref053]\] we conclude that a compromised CD8^+^ T cell response is not responsible for *T*. *cruzi* persistence.

Why is it that persistent *T*. *cruzi* infection in this natural host system fails to exhaust the T cell response? One possibility is that the high efficiency of immune control in *T*. *cruzi* infection dramatically limits parasite load, and thus prevents, or limits the degree of chronic and continuous T cell stimulation. Very low parasite levels are characteristic of *T*. *cruzi* infection in nearly all hosts and indeed the inability to consistently detect parasites in blood or in tissues of chronically infected hosts is a major impediment to detection of infection and the assessment of treatment outcomes \[[@ppat.1007410.ref054]\]. The role of antigen load in driving immune exhaustion has been well documented in a number of viral models \[[@ppat.1007410.ref055], [@ppat.1007410.ref056]\]. In HIV infection, early administration of anti-retroviral drugs significantly reduces viral levels and protects CD8^+^ T cells from the extreme antigen stimulation that drives HIV-specific T cell exhaustion \[[@ppat.1007410.ref057], [@ppat.1007410.ref058]\]. Similarly, during chronic HCV infection, a system also typically considered to exhibit relatively low antigen levels, CD8^+^ T cell exhaustion is observed primarily in patients with high viral titers \[[@ppat.1007410.ref037]\]. Interestingly, patients with superior HCV control retain a pool of CD127+ antigen-specific memory CD8^+^ T cells during chronic infection, which serves as an indicator for improved control and limited T cell regulation \[[@ppat.1007410.ref059]\]. A CD127+ Tcm population capable of antigen-independent survival is also evident during very chronic *T*. *cruzi* infections and after complete parasite clearance following benznidazole treatment \[[@ppat.1007410.ref029], [@ppat.1007410.ref060]\]. The maintenance of this memory population, and the requirement for the recruitment of new effector cells from this memory and/or the naïve T cell pool in order to maintain parasite control ([Fig 4](#ppat.1007410.g004){ref-type="fig"}), suggests that low antigen levels, characteristic of *T*. *cruzi* infection, likely preserve CD8^+^ T cell function while maintaining pathogen control during chronic infection.

One could argue that while the anti-*T*. *cruzi* T cell response is qualitatively sound it may be quantitatively deficient. This seems unlikely since the immunodominant TSKB20-specific response alone represents between 5 and 10% of the total circulating CD8^+^ T cell compartment throughout the chronic infection ([Fig 5A](#ppat.1007410.g005){ref-type="fig"} and \[[@ppat.1007410.ref026], [@ppat.1007410.ref029], [@ppat.1007410.ref061]\]. Further, efforts to increase the strength of the CD8^+^ T cell response by immune enhancement \[[@ppat.1007410.ref062]\] or by vaccination or reinfection \[[@ppat.1007410.ref063]\] have failed to prevent parasite persistence.

Although we failed to observe significant T cell regulation or exhaustion in the infection models used in this study, it is likely that there are conditions in which compromised T cell function in *T*. *cruzi* infection could occur. Indeed, a subset of humans with *T*. *cruzi* infections lasting decades show hallmarks of terminal T cell differentiation, including inhibitory receptor expression \[[@ppat.1007410.ref044], [@ppat.1007410.ref064]--[@ppat.1007410.ref068]\]. Interestingly children, who likely have shorter infection times relative to adults, retain more robust *T*. *cruzi*--specific T cell responses \[[@ppat.1007410.ref065]\]. Likewise, we would expect that in a higher antigen system (e.g. high initial infection dose, a particularly virulent parasite strain, or host genetic conditions that result in suboptimal parasite control) that some level of immune regulation/exhaustion might become evident \[[@ppat.1007410.ref069]\]. Indeed in B cell deficient mice, that fail to control acute *T*. *cruzi* and die with high parasite load, CD8^+^ T cell exhaustion accompanied by PD-1 and LAG3 expression is evident \[[@ppat.1007410.ref069]\]. Thus, both the level of antigen exposure and the period over which that antigen is persistent may contribute to T cell exhaustion when either is in the extreme. With respect to *T*. *cruzi* infection, the predominant outcome appears to be that immune exhaustion, if it occurs, is the *result* of pathogen persistence, not the cause.

It remains unclear precisely how *T*. *cruzi* manages to persist despite the presence of highly functional CD8^+^ T cells (and other immune effectors) but this almost certainly is a result of very effective immune evasion mechanisms. Among these are 1) the relatively poor activation of innate responses due to the absence of potent pathogen associated molecular patterns (PAMPs) \[[@ppat.1007410.ref070]\], 2) the focusing of the dominant CD8^+^ T cell response on a massive family of highly variant trans-sialidase molecules \[[@ppat.1007410.ref026]\], 3) the delayed expression of these dominant CD8^+^ T cell targets on infected host cells \[[@ppat.1007410.ref071]\], 4) the ability of *T*. *cruzi* to establish infection in many different tissue types, including ones with very low levels of class I MHC (e.g. muscle, \[[@ppat.1007410.ref072]--[@ppat.1007410.ref074]\]), and 5) the propensity of *T*. *cruzi* to go dormant in infected host cells \[[@ppat.1007410.ref028]\]. Collectively, these factors would significantly impact the immune recognition of *T*. *cruzi*-infected cells and enable the survival of a nominal number of parasites, despite the presence of potent parasite-specific CD8^+^ T cells.

Here we have demonstrated that immunity to *T*. *cruzi* infection is long lasting and highly effective and that CD8^+^ T cell exhaustion is an unlikely explanation for long-term parasite persistence. Our study highlights the value of examining immune response at the host-pathogen interface in the actual tissues of persistence. This approach permitted the detection of a previously unappreciated population of activated, cytokine-producing, CD8^+^ T cells that tightly control *T*. *cruzi* levels. These findings further emphasize that immune exhaustion is not necessarily rapid nor the ultimate outcome of all persistent infections. Balancing pathogen control and the maintenance of the mechanisms that mediate that control, facilitates long-term host survival despite pathogen persistence. In *T*. *cruzi* infection, this is an effective, but imperfect balance since decades of infection may ultimately lead to clinical disease, as observed in a minority of chronically infected humans.

These findings also accentuate the challenge of designing immunological interventions for this, and possibly other persistent infections. Given the lack of evidence for immunoregulatory mechanisms in limiting pathogen control, it is unlikely that the blockade of checkpoint inhibitors which have proven effective in other systems \[[@ppat.1007410.ref075]--[@ppat.1007410.ref077]\] will be beneficial here and, in fact, may be deleterious \[[@ppat.1007410.ref078]\]. Enhancing immune activation through increased antigen presentation also runs the risk of upsetting the balance and accelerating immune exhaustion \[[@ppat.1007410.ref056], [@ppat.1007410.ref079]\]. For *T*. *cruzi* infection, we might also take a lesson from persistent viral infections wherein driving down pathogen load with anti-viral drugs also has immunological benefits that contribute to long-term pathogen control and reduced pathology.

Methods {#sec009}
=======

Mice and parasites {#sec010}
------------------

For *T*. *cruzi* infections, mice of 8--12 weeks old were infected via intraperitoneal (i.p.) injection of 10^3^ or 10^4^ trypomastigotes of the Brazil unless otherwise noted. In some experiments, the low virulence TCC strain or more highly virulent Colombiana strains were used, as indicated. The plasmid, pTRIX2-RE9h, a kind gift from Dr. John Kelly, London School of Hygiene and Tropical Medicine, London, UK \[[@ppat.1007410.ref080]\], was used to generate Colombiana strain parasites that express red-shifted firefly luciferase for the indirect determination of parasite levels by quantification of luminescent signal. Parasites were maintained in culture using serial passage through Vero cells (American Type Culture Collection (ATCC)).

C57BL/6 mice (CD45.2+), B6.SJL (CD45.1+), B6.129S4-Ifng^tm3.1Lky^/J (IFNγ eYFP "GREAT")\[[@ppat.1007410.ref081]\], and B6.129P2-*Il10*^*tm1Cgn*^/J (IL-10 KO) mice were obtained from The Jackson Laboratory (Bar Harbor, ME), the National Cancer Institute (Frederick, MD) or were bred and maintained under specific pathogen-free conditions at the Coverdell Vivarium (University of Georgia, Athens, GA). PD-L1 KO mice were a kind gift from Dr. Arlene Sharp, Brigham and Women's Hospital, Boston, MA. All mice were euthanized by CO~2~.

Ethics statement {#sec011}
----------------

All animal use was performed in accordance with protocol A2014 09-017-R2 approved by the University of Georgia Institutional Animal Care and Use Committee. This protocol adhered to the animal welfare guidelines outlined in Guide for the Care and Use of Laboratory Animals.

Lymphocyte isolation from peripheral tissues {#sec012}
--------------------------------------------

In a small number of experiments, lymphocytes were isolated from peripheral tissues as previously described \[[@ppat.1007410.ref082]\]. Most frequently, the following protocol was utilized with a few modifications \[[@ppat.1007410.ref083]\]. Prior to tissue removal, mice were perfused by injection of 20 mL of 0.8% sodium citrate solution in PBS. Tissues were then minced and stirred in Hank's balanced salt solution (Corning) with 1.25mM EDTA for 30 min at 37°C. This treatment was followed by incubation with 150U/mL collagenase (Gibco) in RPMI for at least 1h. The digested tissue was then filtered through a 70μM nylon cell strainer (BD Biosciences) and pelleted via centrifugation. The pellet was resuspended in 44% Percoll (GE Healthcare) then underlain with 67% Percoll in PBS. Following centrifugation at 600x g, cells were collected from the gradient interface and washed in RPMI.

T cell phenotyping {#sec013}
------------------

CD8^+^ T cell phenotypes were determined by staining with the MHC class I tetramer TSKB20 (ANYKFTLV/K^b^) synthesized at the Tetramer Core Facility (Emory University, Atlanta, GA) and the following: CD8, CD44, KLRG1 (eBioscience), CD69, PD-1 (BD Pharmingen), and CD8 (Accurate Chemical). RBCs in single-cell suspensions of spleen cells were lysed in a hypotonic ammonium chloride solution and washed in staining buffer (2% BSA and 0.02% azide in PBS (PAB)). Cells were stained at 4°C, washed in PAB, and fixed in 2% formaldehyde. At least 100,000 lymphocytes were acquired using a HyperCyAn or CyAn flow cytometer (DakoCytomation) and analyzed with FlowJo software (Tree Star).

Standard T cell stimulation and intracellular staining {#sec014}
------------------------------------------------------

Lymphocytes isolated from spleen or peripheral tissue were stimulated with 1.5 μg of plate-bound anti-mouse CD3ε (eBioscience) for 5h at 37°C in the presence of Golgi Plug (BD Pharmingen). Cells were surface stained, washed, fixed and permeabilized, and intracellular cytokine staining was performed to detect IFNγ (eBioscience) and TNFα (BD Pharmingen) using a Cytofix/Cytoperm kit (BD Pharmingen) in accordance with the manufacturer's instructions.

Direct intracellular cytokine staining and in vivo activation {#sec015}
-------------------------------------------------------------

For direct intracellular staining (dICS) \[[@ppat.1007410.ref022]\], mice were injected with 0.25 mg of brefeldin A (Sigma) in PBS and 6-8h later, tissues were collected and processed as described above with the addition of brefeldin (10 μg/mL) to isolation solutions. For intracellular granzyme B (BD Pharmingen) staining, cells were stained directly *ex vivo* without stimulation using the Cytofix/Cytoperm kit (BD Pharmingen) following surface staining. For *in vivo* stimulation with synthetic peptides \[[@ppat.1007410.ref084]\], mice with injected i.p. with 100 μg of TSKB20 (ANYKFTLV) or control SIINFEKL peptide (GenScript) (simultaneously with brefeldin A administration). Cells were then processed using the typical dICS protocol.

*In vivo* cytolysis assay {#sec016}
-------------------------

Spleens from naïve mice were collected and prepared as described above. Cells were then with pulsed with 10 μM of TSKB20 peptide (Genescript) for 1h. Peptide-pulsed splenocytes were then labeled with 5 μM CFSE and mixed in a 1:1 ratio with unpulsed cells labeled with 2.5 uM CFSE, prior to IV delivery to chronically (\>250 dpi) infected mice. Lymphocytes were recovered from spleen and muscle \~18 hours later, as described above and were assessed.

*In vivo* BrdU incorporation {#sec017}
----------------------------

A bromodeoxyuridine (BrdU) (Sigma) solution (0.8 mg/mL) was prepared fresh every 2d and administered *ad libitum* in drinking water to naïve and chronically infected mice for 21d. Lymphocytes were isolated from skeletal muscle and spleen as described above. Staining was then performed with anti-BrdU antibody in accordance with manufacturer instructions in the BrdU Flow Kit (BD Pharmingen).

Treatments {#sec018}
----------

Blocking or depleting monoclonal antibodies (mAb) were administered by i.p. injection every third day for 30 days with the exception of anti-CD8a which was administered every other day for 21 days. The clone, specificity, and amount administered with each treatment were as follows: anti-IL-10R (1B1.3A) 250 μg; anti-CD8a (YTS 169.4) 200 μg; anti-VLA-4 (PS/2) 150 μg; anti-PD-L1 (MIH5) 200 μg. The anti-CD8a Ab used for detection by flow cytometry is a distinct clone from the depleting Ab used.

Mice were treated with the trypanocidal drug benznidazole (Roche) to reduce the parasite load in chronically infected mice. The compound was administered orally (100 mg/kg body weight) for 21 days.

Adoptive transfer of CD8^+^ T cells {#sec019}
-----------------------------------

For transfers, spleens from chronically *T*. *cruzi*-infected mice were homogenized with frosted glass slides (Fisher Scientific) in a hypotonic ammonium chloride RBC lysis buffer and washed in RPMI with 10% FBS. CD8^+^ T cells were negatively selected through magnetic sorting with a CD8a^+^ T cell isolation kit (Miltenyi). CD8^+^ cells were transferred i.v. into infection-matched congenic mice, and recipients were terminated at various days post transfer to analyze donor cell populations in recipient tissues.

Quantitation of parasite burden {#sec020}
-------------------------------

Parasite equivalents in tissue were determined as previously described \[[@ppat.1007410.ref085]\]. Briefly, tissue was collected from mice and finely minced. Samples were incubated at 55 °C in SDS-proteinase K lysis buffer. DNA was extracted twice with phenol:chloroform:isoamyl alcohol (25:24:1), precipitated with 100% ethanol, and resuspended in nuclease free water. PCR reactions contained iQ SYBR Green Supermix (Biorad) and primers specific for *T*. *cruzi* or mouse genomic DNA. Samples were analyzed on an iCycler (Biorad) and *T*. *cruzi* equivalents were calculated as the ratio of *T*. *cruzi* satellite DNA divided by the quantity of mouse TNFα DNA in each sample.

Parasite burden in select tissues and organs was assessed via *ex vivo* imaging following infection with luciferase expressing parasites. Mice were perfused with 25 mL of D-luciferin (Gold Bio) at 0.3 mg/mL in PBS via the heart. Excised tissues were transferred to a culture dish, soaked in 0.3 mg/ml of D-luciferin in PBS, and then imaged using an IVIS Lumina II system (Xenogen). Exposure time was 5 minutes.

Histology {#sec021}
---------

Skeletal muscle was obtained from *T*. *cruzi*-infected mice and controls, fixed in 10% buffered formalin and embedded in paraffin. Five-micron thick sections were obtained and stained with hematoxylin-eosin. Inflammation was evaluated qualitatively according to the presence or absence of myocyte necrosis and infiltrates according to distribution (focal, confluent or diffuse) and extent of inflammatory cells present. Images of tissue sections were taken with an OLYMPUS DP70 digital camera on an OLYMPUS BX60 microscope.

Statistical analysis {#sec022}
--------------------

Statistical significance was calculated using a two-tailed Student's t-test or Mann-Whitney test. \* indicates values (mean+/- SEM) that are significantly different between specified groups (\* P ≤ 0.05, \*\* P ≤ 0.01,\*\*\*P ≤ .001).

Supporting information {#sec023}
======================

###### CD69 expression by CD8^+^ T cells is related to parasite antigen level during chronic infection.

\(A\) Recently-activated CD8^+^ T cells are preferentially found at sites of parasite persistence such as heart and fat. Representative flow plots show surface expression of CD69 for cells isolated from indicated tissue during chronic (\~230 dpi) *T*. *cruzi* infection. Plots gated on CD8^+^ T cells. Numbers in upper right indicate the percentage of CD69+ TSKB20+ cells; numbers in lower right indicate the percentage of TSKB20- cells expressing CD69. Data are representative of at least 2 independent experiments with n = 4--6 and depict mean+ SEM. \* indicates percentage levels that are significantly different (\* P ≤ 0.05, \*\* P ≤ 0.01, \*\*\*P ≤ 0.001) between specified groups.

(TIF)

###### 

Click here for additional data file.

###### Inhibitory receptor expression has a minor impact on CD8+ T cells during chronic infection.

\(A\) Histograms display LAG-3 and TIM-3 expression by muscle and spleen CD44+ CD8^+^ T cells at \>500 dpi from infected (magenta), isotype control (gray), naïve (blue) mice. The percentage of inhibitory receptor positive cells observed is described graphically for the total CD8^+^ and (B) TSKB20+ populations.

(TIF)

###### 

Click here for additional data file.

###### PD-L1 blockade does not enhance CD8^+^ T cell response to *ex vivo* stimulation.

CD8^+^ T cells from chronically infected mice treated for 30 days with PD-L1 blocking antibody were stimulated for 5 hours with anti-mouse CD3ε. (A) The frequency of IFNγ+ (white), TNFα+ (black), and IFNγ+ and TNFα+ CD8^+^ T cells in the muscle (left) and spleen (right) is not increased by PD-L1 blockade.

(TIF)

###### 

Click here for additional data file.

###### IL-10 is not a major factor controlling CD8^+^ T cells in *T*. *cruzi* infection.

\(A\) IL-10 KO and WT mice exhibit similar parasite burden. Parasite load in skeletal muscle of IL-10 KO and WT mice during acute (30 dpi) *T*. *cruzi* infection was assessed by real-time PCR. (B) IL-10 KO mice cannot control the inflammatory response to *T*. *cruzi*. H&E sections of skeletal muscle from acutely infected IL-KO and WT mice. (C) Interrupting IL-10 signaling does not promote improved clearance of *T*. *cruzi*. Parasite loads in skeletal muscle of chronically *T*. *cruzi*-infected mice receiving anti-IL-10R Ab or rat IgG are plotted. The dashed line represents the limit of detection for quantitative real-time PCR. Bars show mean, which were not statistically different by Mann-Whitney test. Similar results were obtained in a repeat of each experiment.

(TIF)

###### 

Click here for additional data file.
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